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Abstract 
Following the proven merits of such efforts in the past, the author is seeking to build on the 
area of altering fibre geometries in fibre reinforced polymers with the aim of improving their 
energy absorption capabilities. This plausibility of the concept will be first tested by 
experimentation, after which, Finite Element Analysis (FEA) will be used to create a mesoscale 
model, capable of accurately reproducing the physical response of the system. 
 
This study was based around the notions of a paper published by fellow academic Dr. John 
Hart-Smith in 2010 that proposes a ‘strain-invariant failure theory’ (SIFT) for composite 
materials. While Hart-Smith’s model challenges the views of traditional academia and is 
relatively unproven, it presents a logical ideology for assessing the criteria under which a fibre 
reinforced composite material is likely to fail. This paper explores the outcomes of applying a 
micromechanic model to a new energy absorption mechanism, by investigating the failure 
behaviour of largely original fibre geometries in a resin epoxy matrix. Samples with an 
undulated fiber geometry were tested under three-point and four-point bending. They were 
found to have inferior energy absorption characteristics when compared with regular 
unidirectional samples.  
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1 Introduction 
A composite of materials (hereupon referred to as a composite material) is created when two 
constituent materials are made to interact in such a way that results in the product having unique 
properties compared with those of the individual materials.  One common instance is a matrix 
constituent reinforced with carbon, glass, or similar fibres. Composite materials offer superior 
strength and stiffness, combined with low density, when compared with bulk materials [1].  
 
There is much current research focused on improving the characteristics of fibre reinforced 
polymers (FRP’s) to facilitate their use for previously unsuitable applications. Various methods 
of facilitating improvement have been uncovered which have typically involved the tweaking 
of parameters such as the fibre content, orientation, type and density among others [2 – 6]. One 
innovative area of interest is the implementation of a complex fibre geometry or alignment to 
cause the microscale model of the system to behave in a progressively non-linear fashion. It has 
been demonstrated by Ramakrishna et al. [6], among others, that this exercise has some merits 
related to greater energy absorption capabilities of the composite material being considered.   
 
Despite these improvements, members of industry and academia have struggled to develop a 
globally accepted theory that explicitly quantifies the failure criteria of composites. Before one 
can begin to analyse a composite material system, one must properly understand the interaction 
between the two constituent materials. Much of traditional literature dictates that to predict the 
properties and failure characteristics of a composite material, they should be modelled as one 
homogeneous anisotropic solid.  
 
Contrary to the academy’s philosophies, the Strain Invariant Failure Theory (SIFT), developed 
by aircraft industry expert Dr. John Hart-Smith in 2010, presents the idea that the properties of 
a composite material should not be predicted in this manner. A composite is fundamentally two 
individual components, and should be treated as such, hence the use of the term ‘a composite 
of materials’ earlier in this paper. In Hart-Smith’s words, “each mechanism dominates its own 
portion of the strain domain; there is no interaction between them” [7]. 
 
Due to their high cost and manufacturing difficulty, it is arduous to quantify any improvements 
in material properties resulting from changes to a composite material. To counter this, Finite 
Element Modelling (FEM) can be employed to investigate changes to the system via a 
simulated response.  
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1.1 Research Significance 
Despite the widespread use of carbon fiber reinforced polymers (CFRP’s), their brittle response 
to load is often drawn upon as a major disadvantage, that prevents their use for many 
applications. This material property dictates that under catastrophic failure, for example during 
a car accident, “the actual magnitude of energy absorbed is much less, and the peak load is too 
high to prevent injury to the passengers” [5].  
 
Past academic findings have demonstrated a clear positive correlation between fibre toughness 
and energy absorption capabilities, suggesting that the severity of this problem may be lessened 
by increasing the amount of plastic deformation that a fiber can tolerate before failure [8]. This 
had led to the largely original idea of experimenting with novel fiber geometries. It is hoped 
this area of research will eventually facilitate the use of fiber reinforced polymers (FRP’s) in 
areas of industry where they were previously too brittle to be effective.  
1.2 Research Objectives 
The primary objective of this experimental study was to determine whether it was possible to 
improve the energy absorption characteristics of FRP’s through the use of a folded, or 
undulated, fiber architecture. This aim extended to quantifying any improvements that were 
observed, rather than simply achieving a qualitative proof of concept. The completion of this 
project also encompassed several sub goals, primarily aimed at gaining a deeper understanding 
of the behaviour of FRP’s with original fiber geometries.  
1.3 Research Scope 
Based on the objectives of the study, the considerations deemed to be in and out of scope have 
been summarised in Table 1-1. 
 
Table 1-1. Considerations deemed to be in and out of scope 
In Scope Out of Scope 
• Quantification and comparison of the energy 
absorption capabilities of regular and undulated 
basalt fiber reinforced polymer testing samples 
under three-point and four-point flexural loading. 
• Observation of the dominant failure mode 
experienced during experimental testing, to 
understand how novel changes in fiber geometry 
affect a system’s micromechanical behaviour. 
• Quantification of the energy absorption 
capabilities of composites other than basalt fiber 
reinforced polymers.  
• Development of an undulated fiber geometry 
that is optimised with respect to the energy 
absorption capabilities of the resulting 
composite material.  
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• Calculation of the flexural modulus and flexural 
strength of the testing samples under three-point 
and four-point bending.  
• Development of a 2D mesoscale simulated model 
of the regular and undulated testing samples 
under three-point and four-point loading.  
• Documentation of the strain invariants value in 
the fiber and matrix at failure, for the purposes of 
furthering the Strain Invariant Failure Theory.  
• Experimental testing other than three-point and 
four-point bending.  
• The explanation and understanding of how the 
location and magnitude of the strain invariants 
in the fiber and matrix are affected by changes 
in fiber geometry.  
• Assessing the validation of the fiber undulation 
concept outside of the context of energy 
absorption. 
 
1.4 Thesis Outline 
This report has been written to the level of a mechanical engineering undergraduate in their 
final year of study. Knowledge of material properties, composite materials and general 
mechanics is assumed. The basic outline of this report is as follows 
 
• Chapter 1 – Provides an outline of the thesis topic, as well introducing the hypothesis 
to be tested. The relevance of the study is put into context, and the main objective and 
scope of the study are described. 
• Chapter 2 – Covers an extensive review of academia relevant to the study. Firstly, the 
energy absorption characteristics of different carbon fiber reinforced polymers are 
summarised. Following this, the flexural properties of FRP’s under three and four-point 
bending are presented, as well as the shortcomings of common failure models. The SIFT 
is then introduced to the reader in detail. The literature review culminates in with some 
important considerations when completing simulations of composites using FEM.  
• Chapter 3 – Describes the approach to the simulation aspect of the study. This begins 
with an overview of the training phase, which was aimed gaining a deeper 
understanding of some of the key considerations when modelling and interpreting the 
results of composite simulations. The post-experimental simulation methodology is then 
explained. 
• Chapter 4 – Begins by providing an overview of the experimental approach to the 
study. An explanation and justification of the manufacturing process is then presented, 
after which the experimental testing methodology is explained in detail.  
• Chapter 5 – The raw experimental results of the flexural testing are first presented, 
before the flexural properties of the samples are quantified through post processing of 
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the results. Finally, the results of the post-experimental simulations are provided, from 
which the values of the strain invariants were found.  
• Chapter 6 – The main findings of the experimental testing are first reviewed and 
critically analysed with respect to relevant literature. The results of the simulation with 
respect to the SIFT are then critiqued. Following this, any trends deemed to be important 
in the context of the hypothesis are acknowledged. Finally, limitations and 
improvements to the study are identified  
• Chapter 7 – Provides an overview of the main conclusions drawn from the study. 
Recommendations for any further research undertaken by fellow academics are also 
provided.  
2 Literature Review 
2.1 Energy Absorption of Composites 
2.1.1 Specific Energy Absorption 
One of the general principles of designing for high energy absorption applications is ensuring 
that the material is light weight and has a high specific energy absorption capacity [9]. The 
specific energy absorption, -., is the energy absorbed per unit mass of material. The area under 
a load-displacement curve can be calculated as follows, which serves as a precursor for 
calculating -. / = 1.2.3 45 [1] 
 
Where / is the total energy absorbed, 1 is the mean load or force reaction and 6(, 67 are the 
initial and final displacements, respectively. Using the definition of the specific energy 
absorption, -., Equation [1] can be rewritten as follows 
 -. = /$ = 1(67 − 6()$  [2] 
 
Where $ is the unit mass of material. Equation [2] can then be rewritten in terms of the volume 
of the specimen, ;, and the density of the composite material, <. 
 -. = 1(67 − 6();<  [3] 
 
Equations [1] – [3] consider the energy absorption as being the work done by an external force 
on a system. This is assumed to be measured from the point of view of the external force.  
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2.1.2 Energy Absorption Mechanisms 
Due to the demonstrated quality of composites to have greater energy absorption characteristics 
than their constituent materials, various fibre/matrix architectures have been investigated by 
academics. Carbon fibre reinforced with epoxy resin is one composite that has been the subject 
of many investigations of this nature. This has resulted in a range of strength, modulus and 
energy absorption properties that can be achieved through variation of the reinforcement and 
matrix architectures [2].   
 
Effect of Fiber Volume on Energy Absorption Capability 
One method of enhancing the energy absorption characteristics of CFRP’s is to increase the 
fibre content. This was demonstrated by Ramakrishna and Hull [3], among others, who observed 
a subsequent increase in the specific energy absorption of the composite, because of greater 
resistance to the growth of shear cracks. It was later found that this behaviour is only observed 
up to a fiber fraction of around 40%, after which the specific energy of the sample begins to 
decrease [2, 5]. This is presumably due to a decrease in interlaminar strength because of the 
relatively low volume of matrix between the fibers, thus facilitating interlaminar crack 
propagation at lower loads [5]. 
 
Effect of Fiber Orientation on Energy Absorption Capability 
It was also found that the specific energy absorption characteristics of a composite tube are a 
function of the fibre’s angle orientation angle relative to the cylinder’s axis, =. Since this 
knowledge was first uncovered, it has been confirmed and built upon by a host of academics. 
For carbon fibre reinforced matrix composites, an increase in = can result in higher energy 
absorption characteristics due to an increase in microfracture processes such a fibre fracture 
and frond splits [6]. Despite this, various other studies have indicated that the energy absorption 
capabilities of a carbon fibre reinforced composite actually decrease with increasing =, due to 
carbon fibres failing via brittle fracture. As summarised by Jacob et al. [5] the fibre orientations 
of a composite material that lead to an increase in its specific energy require them to 
 
a) Increase the material deformation. 
b) Increase the axial stiffness of the composite material. 
c) Increase the lateral support to the axial fibers. 
d) Increase the number of fractured fibers. 
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Effect of Temperature on Energy Absorption Capability 
Other studies have indicated that energy absorption characteristics of a carbon fibre epoxy resin 
reinforced composite also exhibit a temperature dependence. The specific energy absorption of 
a sample was found to remain relatively constant up to 150°C, before starting to decrease after 
this point [10]. This would suggest that from an energy absorption point of view, a working 
temperature of less than 150°C is preferable. The specify energy absorption of a composite was 
also found to be temperature dependant during processing [11] with rapid cooling of the material 
favoured over slow cooling. It was concluded that “the cause for variation in energy absorption 
capability with cooling rate, is the cooling rate dependence of fracture toughness of semi-
crystalline thermoplastic composite materials”.  
 
Effect of the Matrix on Energy Absorption Capability 
Another means of enhancing the specific energy absorption of a carbon fibre composite is to 
change the material of the matrix. While resin epoxy and other cheap materials are traditionally 
used, it was found that by changing the matrix material to polyether ether ketone (PEEK), much 
higher values of specific energy absorption could be reached before failure, when compared 
with the regular carbon fiber epoxy samples [12]. Hamada et al. concluded that this was due to 
a “much higher resistance to crack growth between the fibers” and that “the potential for energy 
absorption in thermoplastic materials is very high”.  The correlation between an increase in 
fracture toughness, ?@A , of a matrix and an increase in specific energy absorption was again 
confirmed in 1998 [13]. 
 
From the findings above, it is evident that the properties of fibre matrix reinforced composites 
can be varied quite significantly through basic changes to its geometry and composition. It 
follows that further advancements in this field are aiming to improve material properties by 
building on the findings above, as well as trying to achieve desirable characteristics that 
facilitate the use of composites for more applications.  
  
2.1.3 Composites in the Automotive Industry  
Enhancing the energy absorption mechanisms outlined in Section 2.1.2 can aid in increasing 
the total energy dissipated in the material prior to failure. This is known as the impact resistance 
of an FRP and is defined as “the sum of the dynamic wave energy dispersed and the energy 
absorbed during the plastic deformation, plus the energy needed for creating new surfaces” [8]. 
Following the first use of composite panels in automobiles in 1953 [14], academics and industry 
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leaders began investigating ways to improve the impact resistance of such composites, and 
hence improve their ‘crashworthiness’.  
 
Jacob et al. [5] summarised many of the methods of increasing the energy absorption capabilities 
for automotive crashworthiness, but points out some of the main disadvantages of using 
composite materials for this application, such as the brittle response to load. The study 
conducted by Jang et al. [8] also investigated the impact resistance and energy mechanisms in 
hybrid composites. The findings demonstrated a clear positive correlation between fibre 
toughness and energy absorption capabilities. These findings spark motivation to increase the 
amount of plastic deformation that a fibre can tolerate before failure, hence increasing the inter 
laminar fracture toughness, ?@A , and the crashworthiness of the composite.  
2.2 Flexural Properties of FRP’s 
It can often be quite difficult to accurately calculate and predict the mechanical properties of 
FRP’s, as their anisotropic nature and inhomogeneity result in nonlinearity in the problem. They 
also have a high sensitivity to impurities and manufacturing defects, and can fail under a 
multitude of mechanisms [15]. Flexural testing is often used to quantify material properties such 
as the strength and elastic modulus of material samples. The testing methodology is simplistic, 
as is the instrumentation and apparatus required for testing.  
 
In flexural testing, a rectangular beam of constant cross section is centrally loaded while 
supported close to the ends, in three-point bending. Alternatively, the testing sample may be 
loaded at two points, placed symmetrically between the supports. This is known as four-point 
bending.  
 
Hodgkinson [16] provides an explanation of the internal forces experienced by the beam under 
each of these loading cases. Figure 2-1 shows that, there they result in a linear variation of the 
normal stress, B, from the upper surface (compression), to the lower surface (tension). 
Additionally, the shear stress, C, is largest at the beam’s neutral axis (mid-plane), with a 
parabolic decrease towards the upper and lower surfaces.  
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Cross-section Normal stress Shear stress 
 
Figure 2-1. Distribution of normal and shear stress through a beam under flexural testing [16] 
 
Figure 2-2 show the distribution of the shear force, D., and bending moment, #, along the length 
of the beam under three-point and four point-bending. The three-point bending case shows a 
peak bending moment in the centre of the beam. For the four-point bending case, this value is 
constant across the loading span. These distributions assume a constant rectangular cross-
section.  
 
  
Shear force diagram 
 
  
Bending moment diagram 
 
Figure 2-2. Shear force and bending moment diagram for a beam under 3-point (left) and 4-point (right) bending [16] 
 
The output of a flexural bending test typically consists of load, D, and displacement, 4, data. 
From this information, material properties that describe the behavior of testing samples under 
bending can be calculated. One of these is the flexural strength B', which is defined as the stress 
in a material under bending, just prior to yielding [15]. This property can be calculated for three 
and four-point bending using Equations [4] and [5], where 5E is the support span, and F is the 
thickness of the beam. 
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Three-point bending 
 B' = 3D5E2IF7  [4] 
 
Four-point bending, where the loading span is 1/3 of the support span 
 B' = D5EIF7  [5] 
 
Much like the Young’s modulus, the flexural modulus is an intensive property, but it describes 
a material’s tendency to bend [17]. It can be calculated under three and four-point loading 
bending using Equations [6] and [7], where ∆D is the change in load, that results from ∆4, a 
change in the deflection at the loading points, in the elastic region of the response. 
 
Three-point bending 
 -' = 5EK4IFK ∆D∆4  [6] 
  
Four-point bending, where the loading span is 1/3 of the support span 
 -' = 0.215EKIFK ∆D∆4  [7] 
 
The region AC in Figure 2-3 is known as the toe region. This artifact does not represent a 
material property and is typically exhibited during the take-up of slack, and proper alignment 
of the sample during the initial stages of testing. Equations [6] and [7] yield the tangent flexural 
modulus, which takes into account the toe region. On the other hand, the secant flexural 
modulus uses the slope, D 4, of a straight line that connects the origin of the force-displacement 
curve with a selected point. As a result, it does not account for the toe region.  
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Figure 2-3. Typical regions in a stress-strain response [18] 
 
The measured flexural properties of a beam, in particular the modulus, can be influenced by the 
loading dimensions during testing. This is caused by shear deflections that are observed at low 
span-to-thickness ratios [18]. Additionally, it has been noted by Hodgkinson [16] that stress 
concentrations exist at the loading points and that these may affect the results of the testing, as 
well as the failure mode of the beam.  
2.3 Failure of Composites 
2.3.1 Traditional Failure Models for FRP’s 
Since the commercialisation of modern composites in the second half of the 20th century, there 
have been a horde of academics seeking to accurately quantify their characteristics under a wide 
range of boundary conditions. One area of particular interest is the prediction of their failure 
under loading. Many of the most highly subscribed-to theories model composites as 
homogenous anisotropic solids, and dictate that their material properties are determined by the 
composite’s relative proportion of fiber and matrix constituents.   
 
It is unsurprising that there are a host of design and failure theories strewn through academia 
due to the complexity and inhomogeneity of FRP’s. First proposed in 1991, the original World-
Wide Failure Exercise (WWFE) was conducted with the main aim of improving the foundation 
on which the prediction of deformation and failure strength of laminated composite structures 
are based [19]. 
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Over a 12-year period, Hinton et al. [19] assessed and compared the predictions of no less than 
19 failure theories with respect to experimental data from 14 test cases. These tests involved 
predicting the failure envelopes and stress-strain curves for a range of unidirectional glass and 
carbon fiber reinforced epoxy layers.  
 
The top performing theories demonstrated a percentage score of between 70 and 75% based on 
the ranking categories developed by Hinton et al. Despite this result, the overall confidence 
levels displayed by the original WWFE failure theories were quite low for some damage 
mechanisms, such as delamination [20].  
 
Since the completion of the first WWFE, a further two investigations have been undertaken, 
with the aim of continuing to identify shortfalls of current failure theories.  Even after the third 
iteration of the exercise, significant gaps in understanding remain, surrounding the prediction 
of strength and deformation of composite laminates.  Ultimately, there is a lack consensus 
within the wider academic community regarding the following 
 
• Effects of ply thickness and lay-up sequence 
• Interaction between cracks in differently orientated adjacent layers 
• Effects of unloading and reloading behaviour 
• Size effects (eg. Effects of hole diameter to thickness ratio and effects of laminate 
thickness for a given hole size) 
• Matrix cracking and delamination under pure bending 
• Delamination driven by matrix cracking [21] 
 
2.3.2 The Strain Invariant Failure Theory (SIFT)  
A paper published by Dr. John Hart-Smit in 2010 titled ‘Application of the strain invariant 
failure theory (SIFT) to metals and fiber-polymer composites’ serves as the backbone for the 
analysis that will be performed during this study. The key motivation for its author is that 
composites should not be modelled as homogeneous anisotropic solids. As they are 
fundamentally made of two separate constituent materials, doing so inhibits the ability to 
distinguish between fibre and matrix failures. Hart-Smith begins by highlighting some of the 
inherent flaws and contradictions of many of the failure theories that are widely accepted and 
taught in academia today. The solution he proposes is adoption of the SIFT model for more 
accurate prediction of the failure criteria for composites. 
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The model suggests that each material in a composite should be characterised independently by 
its own two strain invariants. Hart-Smith offers the explanation that “the invariants of a tensor 
have the property that their value is unchanged if the coordinate system defining the values of 
the individual tensor components is independent of the choice of orthogonal axes selected to 
define these components” [7]. His premise is that failure will be governed by the critical value 
of the tensors, which are physically represented dilatational strain and distortional strain.  
 
The first invariant, %(, is “the sum of the three principal strains, OP, Q = 1,2,3, with respect to a 
stress-free reference state at some given temperature” [7], the formula for which is given by 
 %( = O( + O7 + OK [1] 
 
The second invariant, !TU, is the equivalent shear strain, otherwise known as the von Mises 
strain. It can be expressed in terms of the three principal strains, as follows 
 !TU = 	 O( − O7 7 + O( − OK 7 + O7 − OK 72  [2] 
 
Under the SIFT model, failure of the system is predicted to occur when either of the strain 
invariants reach a critical value. The resulting failure type will be dependent on which invariant 
has reached the critical value, and will be either dilatational (first invariant), or distortional 
(second variant).  
 
It has been demonstrated that conventional carbon fibers exhibit the same axial strength under 
tensile and compressive loading, suggesting that their failure is by distortion [22]. It follows that 
the need to measure the first invariant when determining the failure point of carbon fibre is 
redundant. In contrast, epoxies and other thermoset resins fail by dilatation as it “leads to 
microvoid formation that facilitates shear yielding” [23] at the fibre/ epoxy-matrix interface. As 
a result, the critical value of the first invariant for the matrix must be determined. 
 
By taking a 2D section cut of the cylinder shown in Figure 2-4, the system can be analysed 
irrespective of the third strain, OK, as the cylinder’s centre axis represents the zero-distortional 
deformation locus. From here, the two invariant properties %( and %7 can be related on the strain 
axes shown.  
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The strain that constitutes dilatation failure can be easily traced using the critical values for the 
first and second strain modes, O( and O7. On the other hand, the profile of the distortional strain 
failure criteria is easily traced from Equation [2]. If all but one of the principal strains are equal 
to zero, the remaining value must equal the Von-Mises strain. In this case, the intercepts of the 
failure envelope are as follows 
 OVWPX = !TU  [3] 
 
By relating the SIFT model’s two invariant strain properties, it is possible to predict when the 
onset of failure of the fibre or matrix is likely to occur, and whether it will occur due to distortion 
or dilation. The failure envelope developed by Hart-Smith to perform this analysis is shown in 
Figure 2-4. Strain invariant failure envelope proposed by Hart-Smith [7]. Note that it must be 
applied to each of the constituents separately.  
 
 
Figure 2-4. Strain invariant failure envelope proposed by Hart-Smith [7] 
 
There are very few places where comparative strain invariant values can be drawn from. One 
such case is in [7], where Hart-Smith steps through the application of the SIFT model to one 
specific carbon fiber reinforces polymer. The critical values are provided in Table 2-1, where 
the superscripts Y and $ refer to the fiber and matrix, respectively. 
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Table 2-1. Critical strain invariant values for one carbon fiber-epoxy composite Z[\ ]^_\ ]^_` 
0.01229 0.09288 0.03331 
 
2.4 Modelling of Composites 
2.4.1 Finite Element Analysis Considerations 
The design of composite materials is a challenging process, as “unlike conventional materials, 
the composite material itself is designed concurrently with the composite structure” [24]. These 
complexities are compounded when designing for impact loads, which lead to “large geometry 
changes, strain hardening effects and various interactions between different deformation 
modes” [9]. 
 
To overcome these difficulties, Finite Element Analysis (FEA) can be used to perform a 
preliminary analysis of the material by developing a model that makes rough approximations 
about the system parameters such as the geometry of the part, as well as loading and support 
conditions. Such an analysis offers inherent flexibility in modelling a complex structure and 
can often be performed with significantly less costs and resources than physical 
experimentation. There are a number of considerations that are important for accurately 
modelling the energy absorption characteristics of a composite material. The ones relative to 
this project, according to Farley [4] are as follows 
 
1) Material and geometric nonlinear response 
2) Element type and level of discretisation  
 
Using a Newton-Raphson iterative solution scheme to account for the non-linear geometric 
response that results from large deformations [4, 25]. In Farley’s words, this ensures 
“convergence of the solution to the equilibrium condition”.  
 
With regard to point 2) above, a mesh convergence study should be completed to ensure that 
using larger mesh refinement to save computing time does not sacrifice the accuracy of the 
results [26]. Farley also advises to take advantage of any symmetry conditions and repetitive 
features to save computing time by reducing the number of degrees of freedom in the system. 
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2.4.2 Plane Strain Analysis 
Once method of developing a computationally efficient model is to set up a 2D plane stress or 
plane strain analysis. Given that this study is being based on a maximum strain failure theory, 
the latter 2D analysis will be used.  
 
Plane strain is defined as “a state of strain in which the strain normal to the x-y plane, Oa, and 
the shear strains !ba and !ca are assumed to be zero” [27]. This is typically a valid assumption 
when there is a large amount of material normal to the plane of interest in both directions. 
Conducting a plane strain analysis at the mid-plane offers a conservative approach, due to the 
triaxial stress state about this location. Conversely, the free surfaces of a solid only experience 
biaxial stress [28]. 
3 Simulation 
3.1 Training 
The early phases of simulation were focused on developing a Finite Element demonstration of 
an undulated fiber strand, bounded by an epoxy resin unit cell. The main purpose of this exercise 
was to gain a deeper understanding of many of the fundamental concepts relative to this study. 
The end product was a parameterised model that returned the values of the strain invariants in 
each constituent, following the application of an axial displacement to the fiber.   
 
As part of the development of this model, a mesh convergence study was performed as per the 
recommendations provided in [26]. The location of the maximum value for each strain invariant 
was first identified. With a rough mesh initially set, the convergence of the results at three 
points far away from this location was then assessed, as shown in Figure 3-1. This saved 
computation time by ensuring that the mesh size was not smaller than necessary in these areas.  
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Figure 3-1. Location of the points used to test convergence of  !TUd values far away from the maximum 
  
Figure 3-2 shows the magnitude for the second strain invariant at these locations converged at 
an inverse mesh size of approximately 1. This implies that a mesh size of 1mm is sufficient to 
return accurate results away from the location of the maximum.   
 
 
Figure 3-2. Convergence of  !TUd values at three locations away from the maximum 
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The skewness and orthogonality metrics were also used to assess the quality of the mesh with 
increasing levels of discretisation. Skewness quantifies, on average, how equiangular the 
elements in the mesh are, where a value close to 0 is desirable. The mesh orthogonality factor 
describes “how close the angles between the adjacent elements faces or adjacent element edges 
are to some optimal angle” [29]. This angle varies depending on the geometry of the element, 
however an orthogonality factor closer to 1 is always desirable. Table 3-1 shows that the quality 
of both metrics is increasing with a decreasing mesh size.  
 
Table 3-1. Average skewness and orthogonality factor values with decreasing mesh size 
Mesh Size-1 Average Skewness Orthogonality Factor 
0.4 0.2535 0.9236 
0.5 0.2310 0.9242 
0.66 0.2023 0.9337 
1 0.1816 0.9398 
1.33 0.1789 0.9439 
Desirable Value 0 1 
 
This mesh convergence process was then repeated at the regions where the maximum value of 
the strain invariants occurred, ensuring accuracy of the model. One of the subsequent 
simulations is shown in Figure 3-3. The contours quantify the first strain invariant in the fiber, %('	and the surrounding matrix, %(d, under a prescribed strain, applied axially to the fiber. 
 
 
 
Figure 3-3. Distribution of the first strain invariants, %(' and  %(d, in a carbon fiber reinforced resin epoxy unit cell 
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Part of the early simulation was also aimed at understanding the ideas presented in [2], and 
providing context for discarding the view that composites are single homogeneous materials. 
Figure 3-4 shows a mesoscale unit cell representing a carbon fibre epoxy resin reinforced 
composite. A displacement of 0.005mm was applied to the top face in the Y-direction and to 
the bottom face in the negative Y-direction, while the other faces were fixed.  
 
 
Figure 3-4. Distribution of %( in a unit cell subjected to a unit strain in the ±y-direction 
 
Table 3-2 shows the anisotropic material properties assigned to the fiber, while the matrix was 
assigned isotropic properties as follows: -d = 3.31 GPa, "d = 0.35. These material properties 
were obtained from Ha [30]. 
 
Table 3-2. Anisotropic properties assigned to carbon fiber during simulation [30] 
Property Value 
Modulus in fiber direction fg (GPa) 303 
Transverse moduli fh = fi (GPa) 15.2 
Shear moduli jgh = jgi (GPa) 9.65 
Shear modulus jhi (GPa) 6.32 
Poisson’s ratio ^g = ^h = ^i 0.2 
 
While the exact values are unimportant, Figure 3-4 clearly shows that the peak value of the first 
strain invariant in the fiber %(' is significantly smaller than that of the matrix %(d. This 
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observation reinforced the need to consider the characteristics, and hence, onset of failure of 
the constituent materials, separately.  
 
Ultimately, the initial modelling phase provided a greater familiarity with the following 
 
• The micromechanical behavior of a system similar to that which was to be 
experimentally tested. 
• ANSYS Engineering Simulation & 3D Design Software, including model 
parameterisation, analysis settings and user defined results. 
• Performing a mesh convergence study to save computational time and optimise the 
level of discretisation in a model. 
• Assessing relevant mesh quality metrics and the use of symmetry conditions to 
improve the computational efficiency of the model. 
• The Strain Invariant Failure Theory and in particular, the typical location and 
magnitude of the strain invariants in the fiber and matrix constituents. 
• Definition of the correct contact and boundary conditions to accurately represent the 
behavior of the system. 
 
A deep understanding of the points above was necessary to correctly interpret the results and 
draw relevant conclusions from this investigation.  
3.2 Approach 
Following testing, ANSYS was used to attempt to replicate the experimental results. This began 
with a 3D simulation of the flexure bending cases, using material properties calculated from 
the results of the experimental analysis. The testing samples were first modelled with isotropic 
properties. This was necessary to confirm that the force/ displacement response of the 
simulation was indicative of the experimental response. The bending cases were modelled at a 
displacement well below the failure point to save computational time.  
 
After comparability between the experimental results and simulations was confirmed, the 
internal stress distribution of the model was examined, and separate constituent material 
properties assigned. Both fiber geometries were modelled under the three and four-point 
bending cases, with the aim of identifying the location and magnitude of the strain invariants 
in the constituent materials. A 2D plane strain approximation was used, due to limitations in 
computing power and the complexity of the fiber geometries being examined. 
Brendt Schultz Final Report MECH4500 
  Page 20 
3.3 Simulation Methodology 
A 3D simulation of each bending case was first run using homogeneous material properties. 
Symmetric quarter models were developed to increase computational efficiency. The secant 
flexural modulus of the undulated fiber samples was used, as ANSYS does not account for the 
toe region in the stress-strain response. The modulus was calculated at an experimental 
displacement of 1mm for the three-point bending case and 2mm for the four-point bending case. 
These displacements were then applied to respective models, allowing the simulated and 
experimental reaction forces to be compared.  
 
After confirming that the results of the homogenous simulations correlated with the 
experimental testing, a 2d plane strain model was developed for the three-point and four-point 
bending conditions. The approximate thickness of each layer of basalt fiber was found to be 
0.165mm based on thirty measurements taken using a set of digital Vernier calipers.  
 
Based on the average thickness of each testing sample and the number of layers of 
reinforcement, the average thickness of resin epoxy between each layer calculated and found 
to be 0.097mm for the undulated samples, and 0.078mm for the control samples. Figure 3-5 
provides a visualization of the geometry of the 2D approximation at either end of the testing 
samples, as well as at the sections where the fiber undulations are linked.   
 
   
Figure 3-5. (L to R): 2D Geometry of LHS, sections of fiber linking undulations and RHS 
 
Three undulations were modelled along the 100mm length of the sketch, consistent with the 
geometry of the testing samples manufactured. Contact between the fibers and matrix were set 
to ‘bonded’ while contacts between the outer surface and the bending rollers was set to 
‘frictionless’. A mesh size of 0.1mm was specified for the fiber and matrix. The large 
displacements experienced prior to failure prevented the model from converging to a solution 
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using a higher level of discretisation.  The flexural modulus of the basalt fiber was set to 89GPa 
[31]. The material properties of the matrix were provided by the manufacturer [32], while the 
rollers were designated as ‘Structural Steel’ in ANSYS.  
 
The average failure displacement for each sample type and bending case was then applied to 
the relevant model. A summary of these boundary conditions is provided in Table 3-3. The 
user-defined result expression ‘-1kl1 + -1kl2 + -1kl3’ denotes the sum of the principle 
strains, and was used to return value of the first invariant, %(, in the matrix and fiber. 
 
Table 3-3. Boundary conditions applied to 2D plane strain approximations of flexural loading cases 
Bending Case Sample Type Displacement (mm) 
3-Point Bending Control 2.31 
Undulated 2.29 
4-Point Bending Control 7.44 
Undulated 6.09 
4 Experimental 
4.1 Approach 
In order to ensure that there existed a valid point of reference with which to compare the results 
of the undulated fiber samples, a regular fiber reinforced epoxy plate was first manufactured. 
Based on the literature, the feasibility of the fiber undulation concept was tested by determining 
the energy absorption characteristics of the testing samples under load.  
 
Three and four-point flexural testing offered a simple method of collecting the data required to 
calculate these values, as well as being widely used in industry. A mechanical testing machine 
was used to perform testing this efficiently. The testing data was post processed using Microsoft 
Excel to quantify the flexural properties of the testing samples, and to determine if the original 
hypothesis was plausible. During each test, the dominant failure mode was also noted.  
4.2 Sample Preparation 
Unidirectional (UD) basalt fibers were chosen as the reinforcement type for the experimentation 
phase of this study. Despite much of the literature review being focused on the more widely 
documented characteristics of CFRP’s, limitations to the sample manufacturing process and 
funding meant that a validation of the concept was first sought with a characteristically inferior 
reinforcement type. The justification for making this choice was as follows 
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1) Basalt fibers are significantly less stiff than carbon fibers [33], meaning that the 
process of producing testing samples with undulated fiber geometries was made 
easier 
2) When industrially produced, the cost of basalt fibers is less than that of carbon fibers 
and S-glass fibers [34]. As a result, a high quality to price ratio was maintained, while 
the costs of the study were lowered. 
3) Based on the SIFT, the fundamental mechanical behavior and failure characteristics 
are similar for different types of FRP’s. As a result, successful validation of the 
concept using basalt fibers would imply a high likelihood of a similar result being 
found using CFRP’s. 
 
The basalt fiber reinforced polymer plates were prepared via a vacuum resin infusion 
manufacturing process. The typical stages of this process are shown in Figure 4-1.  
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Figure 4-1. Schematic showing the stages of a typical vacuum resin infusion process [35] 
 
The first fiber arrangement was a standard geometry, with all layers of reinforcement orientated 
at 0°. Thirteen layers of fiber were used, resulting in a final sample thickness of 3.23mm. The 
testing samples cut from these plates were intended to be used as a benchmark, or control, for 
comparing the results of the undulated fiber samples.  
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Following this, two plates with an undulated fiber geometry were created. Each plate consisted 
of four sheets of basalt also with a consistent orientation of 0°. Each sheet was folded to be 
three layers thick. As a result, the undulated fiber samples were approximated as having twelve 
layers of reinforcement. The arrangement of each sheet of fiber used to make the undulated 
plates can be approximated by the side profile shown in Figure 4-2.  
 
 
Figure 4-2. Approximation of the geometry of the undulated basalt layers 
 
Masking tape was used to hold each layer of reinforcement in place while the following layer 
was carefully positioned on top. Figure 4-3 shows the fabrication of the basalt fiber reinforced 
epoxy plates via resin infusion. 
 
 
  
Figure 4-3. Basalt fiber reinforced resin plates part way through the vacuum resin infusion process 
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The complexity of the undulated fiber arrangement meant that it was less likely that resin would 
successfully fill all of the voids in between layers of reinforcement. For this reason, slow 
hardening Ampreg 22 epoxy was used as the matrix constituent material. This allowed more 
time for the resin to flow freely through the mold before beginning to cure. Due to this, a resin 
catch pot was also used to ensure that resin was not drawn through to the pump.   
 
A minimum of 15 hours was allowed before the plates were removed from vacuum conditions. 
This ensured curing to a solid state [36], after which the plates were post-cured in an oven for a 
minimum of two hours at 80℃. A water jet cutter was then used to cut the plates into 
appropriately sized samples for mechanical testing. Experimentation was not undertaken for at 
least four days following the commencement of the infusion process, allowing the samples time 
to cure to their maximum strength [36]. 
 
Due to the intricate method of undulating the sheets of basalt fiber prior to infusion, the samples 
cut from these two plates differed slightly in geometry. Additionally, it was found that the 
thicknesses of the samples were not uniform along the length. This was due to sections where 
more layers of folded fiber were overlapping. Figure 4-4 shows the side profile of the two types 
of undulated testing samples.  
 
 
 
Figure 4-4. Side profile of the two sets of testing samples with undulated fiber layers 
4.3 Testing Methodology 
The samples were tested under three-point and four-point bending conditions, using an Instron 
4505 universal testing machine. The displacement and resulting force under the compressive 
loading was observed in real time. The dominant failure mode during each test was also noted. 
A schematic representation of the three and four-point loading cases is provided in Figure 4-5. 
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Figure 4-5. Schematic of 3-point (left) and 4-point (right) bending case [16]  
 
The ISO 14125 standard for flexural testing of fiber reinforced plastics was used. It outlines 
recommended specimen dimensions and span distances based on the material properties of the 
testing samples. It was possible that the samples could have been categorised as a Class III or 
Class IV material under the standard, based on their intensive properties. These were not known 
prior to experimentation and as a result, the samples were tested under both conditions. The 
classes were defined as follows 
 
• Class III: UD (0°) and multidirectional composites with 5	< 	-(( ?(K ≤ 15 
• Class IV: UD 0°  and multidirectional composites with 15	 < 	-(( ?(K ≤ 50 
 
Table 4-1Table 4-1. presents the recommended dimensions for three and four-point flexure 
under ISO 14125. While every effort was made to adhere to these dimensions, due to the nature 
of the samples prepared, their thickness was not known until the curing process was complete.  
 
Table 4-1. Three and four-point bending testing conditions under ISO14125 for Class III and Class IV materials 
 Bending 
Case 
Length q	(mm) Support Span rs (mm) Loading Span rt (mm) Width u (mm) Thickness v (mm) 
Class III Three-Point 60 40 - 15 2 
Class IV Four-Point 100 81 27 15 2 
 
Due to the non-uniformity of the testing samples, several measurements were taken across the 
loading span in order to calculate their average thickness. For the three-point bending case, a 
weighted average thickness across the loading span was taken, based on the bending moment 
diagram in Figure 2-2. For the four-point loading case, an average thickness across the loading 
span was calculated, based on the bending moment diagram provided in Figure 2-2. The values 
that were used for these calculations can be found in Appendix A.  
 
Four of each of the sample types were tested to failure under three-point bending and Class III 
testing dimensions. Following this, four of each of the sample types were tested to failure under 
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four-point bending and Class IV testing dimensions. The loading rate of the testing apparatus 
was set to 2mm/ minute. The displacement of the support rollers and the force measured by the 
load cell were recorded during testing.  
 
 
Figure 4-6. Three-point bending test configuration. Top roller: ∅	= 3mm, bottom rollers: ∅	= 6mm 
 
 
Figure 4-7. Four-point bending test configuration. Top rollers: ∅	= 12mm, bottom rollers: ∅	= 12.5mm 
5 Results 
5.1 Raw Results 
5.1.1 Class III: Three-Point Bending 
Figure 5-1 show the response of the samples prior to failure during the three-point bending test. 
Note that w( and w7 denote the two types of undulated fiber samples. The separate results for 
each sample type are provided in Appendix B.   
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Figure 5-1. Comparison of force vs. displacement response of all samples during 3-point bending 
 
5.1.2 Class IV: Four-Point Bending 
Figure 5-2 show the response of the samples prior to failure during the three-point bending test. 
The separate results for each sample type are provided in Appendix B.  
 
 
Figure 5-2. Comparison of force vs. displacement response of all samples during 4-point bending 
0
200
400
600
800
1000
1200
1400
0 0.5 1 1.5 2 2.5 3
Fo
rc
e	
(N
)
Displacement	(mm)
Force	vs.	Displacement	- 3-Point	Bending	Comparison
U1Test1
U1Test2
U1Test3
U1Test4
U2Test1
U2Test2
U2Test3
U2Test4
ControlTest1
ControlTest2
ControlTest3
ControlTest4
0
200
400
600
800
1000
1200
0 1 2 3 4 5 6 7 8 9
Fo
rc
e	
(N
)
Displacement	(mm)
Force	vs.	Displacement	- 4-Point	Bending	Comparison
U1Test1
U1Test2
U1Test3
U1Test4
U2Test1
U2Test2
U2Test3
U2Test4
ControlTest1
ControlTest2
ControlTest3
ControlTest4
Brendt Schultz Final Report MECH4500 
  Page 29 
5.2 Processed Results 
5.2.1 Flexural Moduli 
The tangent flexural modulus was calculated for each of the loading cases and sample types, 
using Equations [6] and [7]. The change in force between a displacement of 0.5mm and 1mm 
was used for the three-point bending case, while the change in force between a displacement of 
2mm and 3mm was used for the four-point bending case. The values calculated for each case 
are provided in Table 5-1 and Table 5-2. 
 
Table 5-1. Experimental tangent flexural modulus of testing samples for 3-point bending 
Test Number Control f` (GPa) Undulated1 f` (GPa) Undulated2 f` (GPa) 
1 19.50 16.18 16.18 
2 19.80 16.37 16.37 
3 19.68 14.40 14.40 
4 19.54 14.16 14.16 
Average 19.63 15.28 14.56 
Coefficient of Variation 0.6% 6.6% 3.8% 
 
Table 5-2. Experimental tangent flexural modulus of testing samples for 4-point bending 
Test Number Control f` (GPa) Undulated1 f` (GPa) Undulated2 f` (GPa) 
1 28.28 23.46 23.76 
2 29.96 21.50 25.21 
3 28.70 22.42 26.15 
4 28.82 23.35 23.41 
Average 28.94 22.68 24.63 
Coefficient of Variation 2.1% 3.5% 4.5% 
 
5.2.2 Flexural Strength 
The flexural was calculated for each of the loading cases and sample types, using Equations [4] 
and [5]. The values calculated for each case are provided in Table 5-3.  
 
Table 5-3. Experimental flexural strength of testing samples for 3-point bending 
Test Number Control x` (MPa) Undulated1 x` (MPa) Undulated2 x` (MPa) 
1 463.2 380.0 403.6 
2 465.6 376.0 369.2 
3 510.7 381.9 367.9 
4 541.4 378.0 414.9 
Average 495.2 379.0 388.9 
Coefficient of Variation 6.6% 0.6% 5.3% 
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Table 5-4. Experimental flexural strength of testing samples for 4-point bending 
Test Number Control x` (MPa) Undulated1 x` (MPa) Undulated2 x` (MPa) 
1 427.1 298.3 280.5 
2 518.9 293.8 297.2 
3 488.8 301.4 300.6 
4 434.3 269.3 288.2 
Average 467.3 290.7 291.6 
Coefficient of Variation 8.2% 4.3% 2.7% 
 
5.2.3 Energy Absorption 
The amount of energy absorbed by each of the samples prior to failure was calculated for each 
of the loading cases and sample types, using Equation [1]. The values calculated for each case 
are provided in Table 5-5.  
 
Table 5-5. Experimental energy absorption of testing samples for 3-point bending 
Test Number Control y (J) Undulated1	y (J) Undulated2	y (J) 
1 1.19 1.13 1.13 
2 1.20 1.18 0.84 
3 1.43 1.11 1.19 
4 2.11 1.35 1.11 
Average 1.48 1.19 1.07 
Coefficient of Variation 25.3% 7.8%	 12.5%	
 
Table 5-6. Experimental energy absorption of testing samples for 4-point bending 
Test Number Control y (J) Undulated1	y (J) Undulated2	y (J) 
1 3.71 1.80 1.47 
2 4.08 2.06 1.68 
3 4.29 1.91 2.13 
4 2.77 2.17 1.60 
Average 3.71 1.98 1.7 
Coefficient of Variation 15.7% 7.0% 14.5% 
 
5.3 Simulation Results 
5.3.1 Homogenous Simulations 
Figure 5-3 shows the average force-displacement response of the undulated fiber samples 
during the three-point bending test, compared with the response of the simulation. The response 
of simulation at a displacement of 1mm differed from the experimental results of the undulated 
samples by approximately 8.3%, indicating that the results can be compared.  
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Figure 5-3. Simulated vs. experimental results for the 3-point bending case 
 
Figure 5-4 shows the average force-displacement response of the undulated fiber samples, 
compared with the response of the simulation. The response of the four-point bending 
simulation at a displacement of 2mm differed from the experimental results of the undulated 
samples by approximately 17.7%. Despite being a larger variance, the results can still be 
compared. 
 
 
Figure 5-4. Simulated vs. experimental results for the 3-point bending case 
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5.3.2 Inhomogeneous Simulations 
The values in Table 3-3 were used to run a simulation of each sample type under three-point 
and four-point bending, at the average experimental failure point. The strain invariants in the 
fiber and matrix at failure were recorded from Figure C-1 - Figure C-4, which can be found in 
Appendix C. A summary of the values are provided in Table 5-7. The location  
 
Table 5-7. Strain invariants at experimental failure for each sample type under 3-point and 4-point bending 
Bending Case Sample Type Z[\ ]^_\ ]^_` 
3-Point Bending Control 0.01229 0.09288 0.03331 
Undulated 0.03864 0.06557 0.03327 
4-Point Bending Control 0.00932 0.06352 0.02355 
Undulated 0.12141 0.19530 0.03150 
 
The results were compared with the critical strain invariant values provided in Table 2-1. The 
invariant that showed the highest proportion of the critical value determined the suspected 
catastrophic failure mode of the samples during each test.  
 
Table 5-8. Proportion of critical strain invariant values from [7] for each sample type under 3-point and 4-point bending 
Bending Case Sample Type Z[\ ]^_\ ]^_` Suspected Failure 
3-Point 
Bending 
Control 53% 90% 183% Fiber - Distortional 
Undulated 168% 64% 183% Fiber - Distortional 
4-Point 
Bending 
Control 41% 62% 129% Fiber - Distortional 
Undulated 528% 190% 173% Matrix - Dilatational  
6 Discussion 
6.1 Review of Outcomes 
6.1.1 Failure Modes 
Hodgkinson [16] has outlined a number of possible failure modes that might occur under flexural 
loading. Only one of these was observed during the three-point flexural testing. Figure 6-2 
shows a schematic of compression fracture of the outer surface, which typically dominates the 
failure of fiber reinforced polymer composites [28.] 
 
 
Figure 6-1. Representation of compression fracture of outer surface during 3-point bending 
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Two of the failure modes described by Robinson et al. were observed during the four-point 
flexural testing. Figure 6-2 shows a schematic of tensile fracture with interlaminar shear. This 
failure mode dominated during testing of all undulated fiber samples.  
 
 
Figure 6-2. Representation of tensile fracture with interlaminar shear 
 
Figure 6-3 shows compression fracture of the outer surface under four-point bending. This 
mode provided a noticeable contribution to the failure of the undulated samples, and was found 
to be the main cause of failure of the control test samples.  
 
 
Figure 6-3. Representation of compression fracture of outer surface 
 
6.1.2 Energy Absorption Characteristics 
With regard to the energy absorption characteristics of the samples, Figure 5-1 and Figure 5-2 
clearly show that the undulated fiber samples were clearly outperformed by the control samples 
during the three-point and four-point bending cases.  
 
The average thickness of the undulated fiber samples was calculated to be within 5.2% of the 
thickness of the control testing samples for the three-point bending case and within 1% of the 
thickness of the control testing samples for the four-point bending case. Considering the low 
magnitude of these variations, it is reasonable to neglect geometry effects and directly compare 
the energy absorbed by each of the sample types.  
 
The increase in energy absorption of the control samples was found to be approximately 31% 
for the three-point bending case and 100% for the four-point bending case. It is interesting to 
note that the extra energy absorbed by the control samples during testing was significantly 
greater for the four-point bending test. One explanation for this result is that the location of the 
regions linking the fiber undulations was approximately correlated with the location of 
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supports. As a result, the stress concentrations introduced by the steel rollers were positioned 
at the weaker areas of the testing sample.  
 
When considering the locations of the regions linking the fiber undulations, the bending 
moment diagram for the four-point bending case in Figure 2-2 also explains the failure of the 
samples being dominated by tensile fracture with interlaminar shear. A schematic of this 
phenomenon is provided in Figure 6-4. 
 
 
Figure 6-4. Bending moment diagram for 4-point bending, superimposed over the location of fiber undulations 
 
Overall, the significant decrease in energy absorption capabilities shown by the undulated fiber 
samples suggest that for this particular geometry, the original hypothesis is not plausible. 
Despite this, the locations of the stress concentrations during the four-point bending are likely 
to have contributed to a large portion of the energy absorption decrease.  
 
6.1.3 Flexural Properties 
When comparing Table 5-1 and Table 5-2, a significantly larger flexural modulus can be 
observed for the four-point tests, over the three-point loading case. This difference was found 
to be approximately 47% for the control testing samples and 44% for the undulated testing 
samples.  
 
While these are large differences, much of the disparity can be explained by conditions under 
which testing was undertaken. ASTM International notes that “shear deflections can seriously 
reduce the apparent modulus of highly anisotropic composites when they are tested at low span-
to-depth ratios” [18]. This statement is directly applicable to the testing undertaken, as FRP’s 
manufactured from unidirectional layers of reinforcement exhibit a strong anisotropy. 
Additionally, because of the difficulty in predicting the thickness of the undulated fiber samples 
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(and hence control samples), the average sample thickness of around 3.2mm was well in excess 
of the 2mm specified by the ISO14125 testing standard used. This resulted of a span-to-depth 
ratio of approximately 12.5 for three-point bending and 25.3 for four-point bending, both of 
which are well below the 60:1 ratio prescribed by ASTM International for flexural modulus 
determinations.  
 
With regard to flexural strength, Table 5-3 and Table 5-4 show that the control samples 
outperformed the undulated fiber samples by approximately 29% for the three-point bending 
case and 60.5% for the four-point bending case. The presence of manufacturing defects 
appeared contribute to this result, by causing small compression fractures on the surface of the 
undulated fiber samples, well before the control samples. This was observed during the three-
point and four-point experimental testing and is confirmed by Figure 5-1 and Figure 5-2. The 
lower flexural moduli of the undulated fiber samples also contributed to the disparities in 
flexural strength between the sample types. 
 
6.1.4 Strain Invariants 
Despite the fact that the critical strain invariants provided in Table 2-1 are for a carbon fiber 
reinforced polymer, the values returned during the simulations are of the same order of 
magnitude. The proportional comparison in Table 5-8 suggests that both types of samples 
experienced catastrophic distortional failure of the fibers during the three-point bending test, as 
did the control samples during the four-point bend test. In these three cases, the Von-Mises 
strain in the fiber (the invariant that was likely to be associated with failure) was 29 – 83% 
larger than the critical values from Table 2-1.  
 
The result that that appeared to be a significant outlier was the four-point bending test of the 
undulated fiber samples, which returned a %( value 5.28 times higher than the corresponding 
critical value. Figure 6-5 highlights the location of the maximum value of this strain invariant. 
It shows that this location is very closely aligned with the loading point of the upper right roller. 
This adds confidence to the theory presented in Section 6.1.2 that explains the poor performance 
of the undulated fiber samples during the four-point bending test.  
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Figure 6-5. Location of the maximum value of  %(d during the 4-point bend test 
 
Overall, the results presented in Table 5-8 suggest that none of the samples experienced 
catastrophic distortional failure of the matrix constituent. This is aligned with Hart-Smith’s 
comments that failure due to a critical value of !TUd being reached is usually preceded by 
distortional failures in the fibers or dilatational failures in the matrix [7]. This is also consisted 
with the dominant failure modes during each test that were identified in Section 6.1.1. 
6.2 Trends and Patterns 
The results of the study also highlighted several notable trends. Most importantly, on average 
the undulated fiber samples reached final failure at a higher displacement than the control 
samples during the three-point bending test. This was despite being well outperformed with 
respect to energy absorption and flexural properties. The significantly larger failure 
displacement of the control samples during four-point bending test is likely due to the effect of 
the loading locations shown in Figure 6-4. On the other hand, these trends may be an indication 
that successful validation of the fiber undulation hypothesis is more likely to be demonstrated 
for a point load, rather than a distributed one.  
 
During testing, the undulated fiber samples also experienced a series of small fractures of the 
basalt fibers on the outer surfaces as they approached ultimate failure. This is confirmed by 
Figure 5-1 and Figure 5-2, however the control samples did not appear to exhibit such behavior.  
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6.3 Errors and Limitations 
The main source of error stemmed from the difficulties associated with manufacturing the 
undulated test samples. As the fibers had to be rippled by hand, achieving a uniform thickness 
of the basalt fiber reinforced polymer plates was not possible. All of the results collected are a 
function of the testing sample thickness and as a result, any variations in geometry have an 
undesirable effect. Additionally, it was assumed that the profile of each of the testing samples 
was identical. In reality, there was some variation in thickness across the width of the plate that 
the samples were cut from. As a result, the average thickness of the two types of undulated 
testing samples may have varied between not only sample types, but between samples 
themselves. Despite this, only a single thickness value for each sample type was used for 
calculations.  
 
Another trigger for inaccuracies in the results was the presence of human error during the 
experimental phase of study. This was particularly noticeable when setting up the testing 
apparatus and while preparing for each test. The setup offered no means of guaranteeing that 
the centre of the loading span aligned with the centre of the support span. The same was true 
for whether the rollers were contacting the testing samples parallel to their ends. Aside from 
this, there was minimal human error. All data was collected automatically and measurements 
for dimensions were taken multiple times to ensure repeatability.  
 
There are several improvements that could be implemented to increase the accuracy of the 
analysis performed. Most importantly, future tests should aim to make use of an industrial 
manufacturing technique to ensure uniformity of the undulated testing samples. Not only is it 
desirable to increase the uniformity of the fiber undulations, a method must also be developed 
to accurately control the width of each fold.  
 
Due to time restrictions, only a small number of testing samples were able to be manufactured. 
Increasing the number of experimental tests undertaken would increase the level of confidence 
in the results obtained. Additionally, further research in this area should aim to undertake a 
wider range of testing methods. This would provide an opportunity to determine whether the 
fiber undulation concept is better suited to a point load loading situation, as was hypothesised 
in Section 6.2.  
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7 Conclusions  
Experimental testing and Finite Element Modelling was undertaken to assess the viability of 
using novel fiber geometries the increase the energy absorption capabilities of fiber reinforced 
polymers. The main outcomes of this investigation are as follows 
 
• The results of the flexural testing indicate that the testing samples with undulated 
fiber geometries have inferior energy absorption properties when compared with the 
regular samples. The control samples absorb 31% more energy during the three-
point bending test and 100% more during the four-point bending test. The testing 
geometry and results of the simulation suggest that the inferiority of the undulated 
samples during the four-point bending test is primarily due to the loading rollers 
being aligned with the weaker points of the fiber architecture.  
• Despite the result above, on average, the undulated fiber samples fail at 
displacement 0.2mm greater than the regular samples, for the three-point bending 
case. This suggests that the fiber undulation hypothesis may be better suited to 
impact or point loads, rather than distributed loads.    
• Fabrication of the undulated basalt fiber reinforced polymer plates is complicated, 
mainly due to the difficulties associated with achieving a consistent undulated fiber 
pattern. As a result, the samples tested do not have a consistent thickness. This 
detracts from the level of confidence in the findings, as the results are sensitive to 
changes in the geometry of the testing samples. 
• For each of the bending cases, the constituent fibers and matrix have been modelled 
on a mesoscale. Values for the strain invariants at failure are documented. These 
results have been proportionally compared with critical values for a particular  
CFRP [7] to predict the dominant failure mode during the three-point and four-point 
bending cases.  The predictions of the comparison agree with the observations of 
the experimental testing.   
7.1 Recommendations 
Despite the discouraging findings of the investigation, there remains significant work to be 
completed before the hypothesis is dismissed entirely.  
 
One area of particular interest is the testing of different geometries. The author believes that 
there several changes that may help to overcome the shortfalls of the undulation pattern tested. 
The first of these involves offsetting the layers of reinforcement to ensure that the section of 
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fiber linking the undulations is not in the same locations in each layer. Figure 7-1 provides an 
approximation of how this fiber geometry would look in practice.  
 
 
Figure 7-1. Approximation of an undulated fiber geometry with offsets between layers 
 
As an extension to the idea outlined above, it is expected that adding a layer of non-undulated 
fiber on the top and bottom surface would promote a more even dispersal of the internal forces 
experienced by the samples during testing. Additionally, having a continuous fiber geometry 
on the outer surface would aid in minimising the stress concentration identified in Figure 6-5. 
 
Furthermore, validation of this hypothesis may be achieved through analysis of the mechanical 
response of the system at higher strain rates. It is likely that the folded fiber architecture would 
help to disperse the stress waves that are propagated through a body in these situations.  
 
Any further work completed on the subject should also aim to employ a more accurate 
fabrication technique, due to the sensitivity of results to changes in geometry and manufacturing 
defects. One suggestion would be to test the hypothesis using fibers with a very low stiffness. 
This would allow for greater ease when creating the undulated testing samples.  
 
Finally, a 2D simulation should be employed in any future studies that aim to model the 
micromechanical model of a system with a novel fiber architecture. This provides a means of 
efficiently testing different sets of constituent materials, as well as exploring the effect of 
changes to the geometry on the location and magnitude of stress and strain concentrations. 
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Appendices 
Appendix A – Undulated Sample Thickness Measurements 
 
Table A-1. Measurements used to calculate the weighted average thickness of undulated samples during 3-pt. bending 
Length Along Sample (mm) Undulated1 Thickness (mm) Undulated2 Thickness (mm) Weighting 
30 (loading point) 3.28 3.62 0% 
35 3.23 3.25 6.25% 
40 3.49 3.07 12.50% 
45 3.51 2.83 18.75% 
50 (midpoint) 2.86 2.79 25.00% 
55 2.83 3.03 18.75% 
60 3.12 3.65 12.50% 
65  3.51 3.61 6.25% 
70 (loading point) 3.48 3.51 0% 
Weighted Average 3.15 3.07  
Coefficient of Variation 8.1% 10.7%  
 
Table A-2. Measurements used to calculate the average thickness of undulated samples during 4-pt. bending 
Length Along Sample (mm) Undulated1 Thickness (mm) Undulated2 Thickness (mm) 
36.5 (loading point) 3.21 3.59 
41 3.26 3.5 
45.5 3.52 2.98 
50 (midpoint) 3.61 2.8 
54.5 3.06 2.87 
59 3.06 3.26 
63.5 (loading point) 3.1 3.6 
Average 3.26 3.23 
Coefficient of Variation 6.3% 9.9% 
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Appendix B – Raw Results for Each Sample Type 
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Appendix C – Magnitude and Location of Maximum Strain Invariants 
 
 
Figure C-1. Maximum values for	%(d (top left), !TUd (top right) and !TU' (bottom middle) for the regular fiber samples 
under 3-point bending 
 
 
Figure C-2. Maximum values for	%(d (top left), !TUd (top right) and !TU' (bottom middle) for the undulated fiber samples 
under 3-point bending 
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Figure C-3. Maximum values for	%(d (top left), !TUd (top right) and !TU' (bottom middle) for the regular fiber samples 
under 4-point bending 
 
 
Figure C-4. Maximum values for	%(d (top left), !TUd (top right) and !TU' (bottom middle) for the undulated fiber samples 
under 4-point bending 
 
 
 
